Amyloid imaging related abnormalities (ARIA) have now been reported in clinical trials with multiple therapeutic avenues to lower amyloid-b burden in Alzheimer's disease (AD). In response to concerns raised by the Food and Drug Administration, the Alzheimer's Association Research Roundtable convened a working group to review the publicly available trial data, attempts at developing animal models, and the literature on the natural history and pathology of related conditions. The R.A.S., C.R.J., H.H.F., and R.J.S. contributed equally to the Workgroup manuscript.
Introduction
Over the past decade since amyloid-modifying therapeutic agents have entered Alzheimer's disease (AD) clinical trials, the occurrence of magnetic resonance imaging (MRI) abnormalities has required careful consideration by academic investigators, pharmaceutical companies, and regulatory authorities. MRI signal changes, thought to represent "vasogenic edema" (VE) and cerebral microhemorrhage (mH), were first observed in trials of a monoclonal antibody against amyloid-b (Ab) [1] [2] [3] , and have since been associated with other amyloid-modifying therapies [4] . In response to guidance issued by the U.S. Food and Drug Administration (FDA) to various sponsors on the conduct of clinical trials of amyloid-modifying agents for the treatment of AD, the Alzheimer's Association Research Roundtable convened a Workgroup in July 2010.
The Workgroup was composed of academic and industry representatives identified on the basis of their expertise and interest in this area, and was tasked with the objective of providing expert advice regarding the FDA's concerns related to MRI abnormalities, including signal changes thought to represent VE and mH and the relationship of these MR abnormalities to experimental treatment with amyloidmodifying therapies. Because VE and mH are typically detected on different MRI sequences, and seem to represent a spectrum of image abnormalities that may share some common underlying pathophysiological mechanisms, both in the natural history of AD and in the setting of amyloidmodifying therapeutic approaches, the Workgroup suggests referring to this spectrum as amyloid-related imaging abnormalities (ARIA). Despite the likelihood of shared underlying mechanisms, there may be instances in which it is useful to describe specific phenomena, thus the Workgroup further refined the terminology: ARIA-edema/effusions (ARIA-E) refers to the MR signal alterations thought to represent VE and related extravasated fluid phenomena. ARIAhemosiderin deposition (ARIA-H) refers to the MR signal alterations attributable to mH and hemosiderosis.
The Workgroup reviewed the relevant publicly available information, including natural history studies and spontaneous occurrence of these imaging abnormalities in aging and AD populations, the occurrence of ARIA in occurrence in the setting of trials of amyloid-lowering agents for AD, similar clinical conditions from which parallels might be drawn, and existing animal models that may elucidate the underlying mechanisms. The Workgroup sought to develop specific recommendations regarding the conduct of AD clinical trials in the setting of ARIA, including inclusion/ exclusion criteria, safety monitoring, and potential areas of research that might help increase our understanding of these events.
The phenomenon formerly known as "VE": ARIA-E alterations
Although early animal work had reported evidence of mH with antiamyloid immunotherapy [5] , an unexpected type of MRI signal alteration was first observed in the single-dose ascending phase I trial of a monoclonal antibody against Ab. Three of 10 patients in only the highest dose group (5 mg/kg) developed transient signal abnormalities on T2-weighted/fluid attenuation inversion recovery (FLAIR) sequences, approximately 4 to 6 weeks after a single dose of bapineuzumab [1] . Additional cases were reported in the phase II study [2, 3] . Initially, the appearance and transience of the MRI abnormalities were thought to be reminiscent of posterior reversible encephalopathy syndrome (PRES) observed in hypertensive patients and in those with preeclampsia, but as additional cases in AD clinical trials became apparent, this new entity was initially described as VE, based on the MRI characteristics.
The term vasogenic edema for this entity evolved from the observation that the increased MR signal on FLAIR sequences was usually transient, and was not associated with evidence of restricted diffusion, tissue necrosis, or other sequelae associated with cytotoxic edema. At a cellular level, VE is thought to represent an increase in extracellular fluid volume because of increased permeability of brain capillary endothelial cells to serum proteins, as opposed to cytotoxic edema, which is increased intracellular fluid, thought to be related to high intracellular osmolality from cellular damage (clinically most often seen in acute infarction, where the mechanism is thought to be failure to maintain a homeostatic sodium/potassium gradient across the cell membrane). There is very limited histopathological evidence available to determine whether the signal changes observed on MRI are in fact related to underlying VE. The term "VE" has also sometimes been applied to other MR alterations observed in the setting of amyloid-modifying therapy that vary in signal characteristics on different MR sequences and in location within the intracranial space. In particular, increased signal intensity on FLAIR images has been reported in the leptomeningeal or sulcal space with antiamyloid treatment, and may represent leakage or effusion of proteinaceous fluid from meningeal vessels. Thus, we refer to the signal hyperintensities seen in the parenchyma and leptomeninges more specifically as "ARIA-E" to cover the MRI alterations thought to represent edema in the gray and white matter, and effusion or extravasated fluid in the sulcal space ( Figs. 1 and 2 ).
Characteristics of ARIA-E observed in amyloidmodifying therapeutic trials
ARIA-E most commonly manifests as increased MR signal intensity on FLAIR or other T2-weighted sequences in the parenchyma and/or leptomeninges in the parietal, occipital, and frontal lobes, but has also been observed in the cerebellum and brainstem [3] . It is not yet clear whether the edema begins in gray matter in some cases, as associated gyral swelling is sometimes apparent, with edema tracking into the underlying white matter, or whether there may be separate processes that affect gray and white matter. The Fig. 1 . ARIA-E which occurred during a monoclonal antibody trial, as seen on fluid attenuation inversion recovery (FLAIR) magnetic resonance images demonstrating increased signal in multiple regions of the right hemisphere affecting both gray and white matter. Fig. 2 . ARIA-E detected on FLAIR images from a monoclonal antibody trial study demonstrating increased MR signal in sulci, thought to represent proteinaceous fluid tracking in the leptomeninges and sulcal spaces.
parenchymal signal abnormalities can be subtle in a single region, multifocal, or nearly panhemispheric (Fig. 1) .
In some cases, the increased MR signal is primarily seen in what appears to be the leptomeningeal space (Fig. 2) . This leptomeningeal involvement may be seen in isolation or near associated gray matter alterations. This focal increased signal has on occasion been misinterpreted as subarachnoid hemorrhage, but neither cerebrospinal fluid (CSF) studies nor susceptibility-weighted imaging (SWI) has revealed evidence of blood products in these cases. It remains unknown whether this increased signal in leptomeningeal compartments might represent other proteinaceous collections of fluid.
Cerebral amyloid angiopathy (CAA) with associated vascular or perivascular inflammatory infiltrates [6, 7] is another condition that has clinical and neuroimaging features that appear similar to ARIA associated with amyloidmodifying therapy. This spontaneously occurring syndrome presents on neuroimaging with a range of involvement of leptomeninges, gray matter, and white matter [8, 9] , similar to those reported with amyloid therapy-associated VE. CAA-related inflammation appears pathologically to be driven by a spontaneous inflammatory response to the vascular amyloid deposits. The CSF pattern in inflammatory CAA (elevated protein, mostly without elevated white blood cells) is similar to the CSF pattern seen in some treatment-related VE with bapineuzumab [3] . This supports the assertion that focal CAA inflammation need not be associated with elevated CSF cell count. After its resolution, either spontaneously or with steroids, inflammatory CAA findings also reverse. In addition, both CAA-related inflammation and "VE" with amyloid therapy have a shared association with apolipoprotein E 34 (APOE 34) [9] . There has been at least one report of a similar pattern of leptomeningeal involvement in CAA [10] . A potential connection between inflammatory CAA and immunotherapy-associated ARIA was most recently suggested by identification of anti-Ab autoantibodies in the CSF of a patient with the spontaneously occurring syndrome [11] . A similar spectrum of MR abnormalities, as described in ARIA, involving both gray and white matter, has been reported in PRES syndrome [12, 13] , although prominent leptomeningeal signal hyperintensities are not common.
Issues of ascertainment
Patients identified with CAA-related ARIA or PRES typically present with symptoms, whereas the majority of treatment-associated ARIA-E cases reported in previously published studies have been asymptomatic and identified on "per-protocol" safety MRIs. A small number of ARIA-E cases in the bapineuzumab trials were detected on offprotocol MRI, prompted by change in clinical status or symptoms. These symptomatic cases generally occurred within 4 to 8 weeks after infusion, suggesting that ARIA-E is not occurring early (at peak of antibody levels in blood). The timing of ARIA-E may provide a clue regarding potential pathophysiological mechanisms in bolus-dose immunotherapy, but it remains unclear whether there will be a temporal relationship between dosing and ARIA-E that may occur in other amyloid-lowering therapeutic approaches.
To our knowledge, there are no reports in previously published studies regarding the incidence of spontaneous ARIA-E in community-based samples, but it is likely that there has not been systematic surveillance outside of clinical trials. The preliminary reports of rare cases of ARIA-like phenomenon being detected in large cohorts being screened for clinical trials suggest that spontaneous ARIA-E may occur rarely in the natural history of AD, and perhaps, more commonly, in patients with genetic risk factors for high vascular amyloid burden and/or presumed CAA [4, 14] . The low incidence of spontaneous ARIA-E observed in clinical trial screening might reflect a bias toward recruiting subjects who have less vascular disease and vascular risk factors. A substantial proportion of patients with clinical AD harbor some evidence of CAA changes at autopsy, particularly in APOE 34 carriers [15] .
Clinical course associated with ARIA-E
There are currently very limited publicly available data regarding the clinical course associated with ARIA-E occurring in the setting of clinical trials of amyloid-modifying therapies. Therefore, the Workgroup reviewed the data from bapineuzumab trials, but it is unknown whether ARIA seen in other amyloid-modifying therapies will have a similar clinical course. In the phase I bapineuzumab study, two of three ARIA cases were asymptomatic at time of detection on per-protocol MRI. In retrospect, one of these patients had a reported period of transient confusion a few weeks before ARIA-E. The third patient had acute drop in Mini-Mental State Examination and confusion prompting an off-protocol MRI 4 weeks after the infusion, revealing ARIA-E. This patient improved after several weeks without treatment [1] .
In the first reports of the double-blind phase II multipledose study, 10 of 12 ARIA-E cases were detected on perprotocol MRI [2, 3] . Six among the 10 were asymptomatic even after retrospective review of all adverse events in the 30 days before or after detection of ARIA-E. Four of 10 were found to have reported transient symptoms of headache, confusion, and visual disturbance in the 30 days before or after detection of ARIA-E. The remaining two cases were symptomatic, including confusion, headache, and gait difficulties, prompting off-protocol MRI. One of these subjects underwent treatment with intravenous steroids with resolution of symptoms.
There are very limited data on the long-term clinical course of individuals with asymptomatic ARIA-E, but preliminary analyses of the asymptomatic cases of ARIA-E from the phase II study did not reveal significant impact on the Mini-Mental State Examination compared with the non-ARIA-E-treated group [3] . Additional analyses on neuropsychological and functional outcomes in asymptomatic cases of ARIA-E are ongoing, as well as a more systematic central review of all MRI scans from the phase II bapineuzumab studies.
Risk factors for ARIA-E
The pathophysiological mechanisms underlying VE remain to be elucidated; however, the bapineuzumab phase II data have provided some insight into the risk factors associated with the appearance of ARIA-E [3] . The most significant risk factor was dose of bapineuzumab, with 11 of 12 cases occurring in the 1-or 2-mg/kg dose groups. The phase III bapineuzumab noncarrier study terminated the highest dose arm because of the number of ARIA-E cases observed in this dose cohort.
The presence of APOE 34 allele was also found to be a significant risk factor for the development of ARIA-E, with 6 of 18 (33%) 34/4 homozygotes; 4 of 56 (7.1%) x/34 heterozygotes; and only 2 of 47 (4.3%) noncarriers developing ARIA-E in the phase II double-blind study. These findings led to the plans for separate 34 carrier and noncarrier phase III protocols with different dose levels of bapineuzumab. Preliminary data from ARIA-E seen in trials with other amyloid-modifying therapies also suggest that APOE 34 carrier status may be a risk factor [16] . Similarly, the preliminary reports of the rare cases of ARIA detected in patients with AD being screened for clinical trials have been in APOE 34 carriers, suggesting vascular Ab pathology, such as CAA, as a common underlying mechanism [14] .
ARIA-H: MRI findings thought to represent hemosiderin deposits and mHs
Even the first reports of the ARIA cases raised the possibility of a relationship between FLAIR abnormalities, thought to represent ARIA-E, and the appearance of alterations on long echo time, gradient refocused echo (T2*-GRE) sequences, thought to represent hemosiderin deposits, including mHs and superficial siderosis [1] . mH typically manifests as a focal, round, very low-intensity (relative to adjacent brain tissue) lesion in the brain parenchyma, detected on an appropriately weighted (T2 or T2*) MRI sequence, such as GRE sequences. Additional SWI may be imparted by postprocessing to improve mH visualization. mHs are small deposits of iron in tissue in the form of hemosiderin and are thought to represent residua of a small leakage of blood from a vessel into adjacent tissue parenchyma. Size criteria have been recommended, with mH defined by a cutoff of 10 mm in diameter in some studies and 5 mm in diameter in other studies. However, using size criteria to define mH is problematic without specifying the technical features of image acquisition linked to the size criteria because the apparent size of the low-intensity lesion depends on features of image acquisition, as outlined later in the text [17] . In addition, the apparent size of an mH on MRI is generally greater than the size of the histologically defined area of hemosiderin deposited in tissue. This is a well-established phenomenon in MRI referred to as the "blooming effect", which occurs when the microscopic field gradient causing signal loss extends spatially beyond the histologically defined hemosiderin deposit.
Curvilinear low intensities on an appropriately weighted (T2 or T2*) sequence that lie adjacent to the brain surface are referred to as superficial siderosis. Similar to mH, siderosis is attributed to deposition of iron in the form of hemosiderin and is thought to represent residua of a blood leakage from a vessel into the adjacent subarachnoid space or the periadventitial compartment (as opposed to leakage into parenchyma to form an mH) [18] .
Technical issues of image acquisition for ARIA-H
The conspicuity of mH and superficial siderosis can be enhanced or diminished by specific attributes of the image acquisition. MRI sequences that enhance signal loss because of microgradients in tissue are generally used for detection of mH and superficial siderosis. Two general approaches have been used, T2*-weighted GRE sequences and SWI.
T2*-gradient echo sequences
T2 represents the loss of signal because of the intrinsic dephasing of spins moving randomly in the local tissue environment. T2' represents signal loss resulting from the dephasing of spins that is attributable to eddy currents, macroscopic susceptibility effects, or focal microscopic magnetic susceptibility effects that would result from an mH or other sources of iron or mineralization. T2* represents the sum of T2 and T2' effects. T2-weighted sequences use a spin echo, whereas T2* use a gradient recalled echo. T2*-GRE images are gradient echo sequences with a long echo time (TE), which enhances spin dephasing and hence focal loss of signal in the immediate vicinity of an mH. T2*-GRE sequences can be executed in either two-dimensional or three-dimensional (3D) mode. An advantage of 3D is generally thinner slices and hence reduced partial volume averaging effects [19] . A major disadvantage, however, is that manufacturer-available product 3D T2*-GRE sequences are a purchasable option that is not available on all MRI systems. The majority of MRI systems in a typical clinical trial based on community recruitment centers would not have access to this technology at this time.
Susceptibility-weighted imaging
SWI is essentially a T2* gradient echo sequence that has added susceptibility weighting. This is accomplished by forming both a magnitude and a phase image, enhancing the phase image, and then multiplying the magnitude image by the enhanced phase image [20] . SWI was originally developed as a method to improve visualization of cortical veins, but it is also a more sensitive technique for detection of mH than T2*-GRE images [21] (Fig. 3) .
The conspicuity of mH, and hence sensitivity to detection, is also increased by higher field strength [22] , longer TE, lower readout bandwidth, and asymmetric centering of the echo with respect to the readout gradient. Small voxel sizes (i.e., higher resolution) will decrease partial volume averaging of small mHs, thus increasing conspicuity; however, all else being equal, smaller voxels produce a proportional reduction in image signal-to-noise ratio (SNR). Low SNR images incur a penalty in diagnostic accuracy. The image geometry parameter that varies most from protocol to protocol in determining voxel size is slice thickness; inplane resolution typically is not greatly different across different imaging protocols. Thinner slices increase resolution but decrease SNR, and all else being equal, systems with superior SNR performance will have greater diagnostic sensitivity. The two major hardware features that improve SNR are field strength (SNR scales linearly with field strength), and receiver radiofrequency coil type (multichannel arrays have greater SNR than single-channel volume coils).
Ascertainment
To our knowledge, reliable automated algorithms do not exist for identification of mH or superficial siderosis from medical images. Ascertainment by visual reading of scans by trained experts is the only way, but counting is not as exact as desired because it is dependent on several things: the level of training of a reader; where a particular reader falls on the receiver-operating characteristic curve (i.e., is he/she an undercaller or an overcaller); features of image acquisition discussed previously; and artifacts in the image itself. Despite this, inter-and intraobserver agreement has been satisfactory, with reported kappas for interobserver agreement ranging from 0.33 to 0.78 [17] .
Common interpretative difficulties are as follows: (1) motion artifacts, (2) bulk susceptibility effects that produce regional signal loss (e.g., skull base, sinuses, and metallic foreign bodies like dentures), (3) partial volume effects, (4) distinguishing true mH from vessel flow voids that also appear as punctuate low-intensity areas when the vessel transects the imaging plane of section perpendicularly, (5) distinguishing true mH from physiological mineralization in the basal ganglia, and (6) mH number, for example, the tendency exists to exclude a dubious mH in a patient without other mHs, in contrast to a similar lesion in the context of many mHs that will tend to receive the benefit of the doubt. On the other end of the spectrum, when mHs are very numerous, difficulties with counting may arise as well, especially when lesions become confluent. Each of these may contribute to false-positive or false-negative diagnostic readings.
Many mHs cannot be ruled in or out with absolute confidence on a single scan. In some individuals, areas of the brain exist where mH can never be detected, for example, bulk susceptibility artifact in areas next to paranasal sinuses or at the base of the brain in subjects with dentures, and it can sometimes be difficult to differentiate mH from vascular structures in a single plane (Fig. 4 ). There are instances when artifacts on a baseline MRI scan preclude identification of an mH that becomes apparent only when (side-by-side) comparisons are made to follow-up MRI examinations.
Etiology and clinical significance of mH
mHs are generally attributed to one of two etiologies: small-vessel angiopathy and CAA. In the stroke literature, mHs, attributed to small-vessel angiopathy, increase in prevalence with age and vascular risk factors, especially hypertension [23] . mH also occurs in patients who undergo cardiac bypass surgery and is attributed to microemboli [24] . In AD, mH and superficial siderosis are attributed to blood leakage from CAA vessels [25] . CAA is known to weaken the vessel wall, increasing the risk of microleaks of blood into adjacent brain tissue, forming mH. Some data suggest that the locations of mHs are related to etiology, with lobar mH more often being attributed to CAA, whereas deep central gray and brainstem mHs are more often attributed to hypertensive angiopathy [26] . mH is, in part, an age-related phenomenon that occurs even in neurologically healthy individuals (Table 1) . Prevalence increases with age [19, 30, 32] . Additionally, a greater number of mHs at baseline confers greater risk of subsequent incident mH [42] . The prevalence of mH is significantly increased in elderly individuals with cardiovascular risk factors and/or evidence of a previous cerebrovascular event [27] . The incidence of new mHs in a longitudinal study of ischemic stroke patients over a mean 5.5-year follow-up period was 23%. In patients with cerebrovascular disease, the presence of mH has been linked to worse cognitive outcomes; however, it is uncertain whether mHs themselves cause impairment or are simply a marker of cerebrovascular disease [33, 43] . Indeed, although the point prevalence of mH in a healthy (with no cerebrovascular disease) elderly population is w6%, this value rises to w50% to 80% in elderly individuals with cerebrovascular disease [44] . Thus, in a patient population with a high prevalence of cardiovascular risk factors, an association with a significant proportion of individuals with mH would be expected. In the setting of AD and presumed CAA, it is not established that mH itself causes neurological symptoms [31] . A recent study from a memory disorders clinic noted that 12% of the patient population showed incident mHs during an average follow-up period of 1.9 years [27] with no clinically apparent symptoms attributable to these incident mHs. However, mHs are thought to be indicators of CAA and hence identify individuals at risk for a more serious complication of CAA-lobar hemorrhage. In individuals who present with an initial lobar hemorrhage, the number of mHs increases risk of a subsequent lobar hemorrhage [45, 46] . The prevalence of superficial siderosis is much less common than mH (only 0.7% in the Rotterdam population-based study), and also is thought to be an indicator of CAA [18, 47] .
Association of ARIA with pre-existing white matter disease or other abnormalities
The cross-sectional association between mH and other MRI markers of small-vessel disease has been repeatedly reported. For example, one cross-sectional study of mildmoderate probable AD subjects, compared with normal control subjects, reported that patients with mH had higher white matter disease scores using a standardized rating scale (the age-related white matter changes score) [48] , particularly in the frontal and parietal-occipital regions [31] . Also, the number of mHs correlated significantly with the age-related white matter changes score, particularly in the parieto-occipital regions of the subjects with AD, and in the occipital region of control subjects [31] .
Confluent periventricular white matter hyperintensities may relate to leakage from the deep medullary veins, because of venous collagenosis, a veno-occlusive disease of aging, exacerbated by vascular risk factors [49] . This may interfere with cerebral interstitial fluid circulation and drainage of protein solutes from the brain, and could encourage amyloid deposition in the perivascular spaces of the penetrating arterioles of the cerebral cortex. Clearance of amyloid from the brain may thus be reduced, possibly exacerbating amyloid angiopathy and amyloid deposition [50] . Further studies are required to better understand this apparent association between white matter disease, mHs, and amyloid clearance. Moreover, a large prospective population-based study associated mHs in deep locations (basal ganglia, thalami, and infratentorial) with arterial hypertension, white matter hyperintensities, and lacunar infarcts [19] . This is in line with the cross-sectional and temporal relation reported between new nonlobar mHs and progression of white matter hyperintensities and lacunes. In the article by Goos et al in 2010 [27] , no association was found between lobar incident mHs and progression of white matter hyperintensities. In line with these findings, a former longitudinal study in patients with CAA did not find a relation between incident lobar mHs and progression of white matter hyperintensities [51] . These findings might further support the notion that etiology of mHs may differ according to mH location, with deep mH caused by hypertensive vasculopathy, more closely associated with vascular risk factors and other markers of small-vessel disease, and lobar mHs caused by CAA and potentially related to APOE 34 allelic status. Abbreviations: MCI, mild cognitive impairment; AD, Alzheimer's disease; 2D, two-dimensional; T2*-GRE, long echo time, gradient refocused echo; TE, echo time; SWI, susceptibility-weighted imaging; MRI, magnetic resonance imaging; 3D, three-dimensional; VasD, vascular dementia; SubMm, subjective memory complaints; GRE-EPI, gradient echo-echo planar imaging; AGES, Age, Gene, Environment Susceptibility study; mH, microhemorrhage; MMSE, Mini-Mental State Examination; mb, microbleed.
Association between components of ARIA
There are very limited data available to date regarding the relationship between mH and/or hemosiderosis detected on FLAIR images (ARIA-H) and "VE" and/or sulcal effusions/exudates detected on GRE/T2* images (ARIA-E). Preliminary analyses of the phase II bapineuzumab trial initially noted baseline mH as a risk factor for developing ARIA-E (baseline mH, 6/17 [35%] vs. no baseline mH, 6/107 [6%]) [3] . This finding may be confounded by the overlapping risk due to APOE 34 carrier status, because all of the ARIA-E cases with baseline mH were also 34 carriers.
Similarly, there are limited publicly available data on incident mH in the setting of ARIA-E associated with amyloid-modifying therapies. One of three ARIA-E cases in phase I bapineuzumab [1] and 4 of 12 ARIA-E cases in one phase II study (double blind) were reported to have incident mH [2, 3] . It also seems that ARIA-H can occur in some regions with ARIA-E and not others (Fig. 5 ). It will be important to study the relationship between these two phenomena in the setting of amyloid-lowering clinical trials, and in particular, to understand whether the co-occurrence entities is related to any change in clinical outcome or response to therapy.
Common pathophysiological processes underlying ARIA
The limited findings reported to date suggest several potential pathophysiological mechanisms that might underlie and tie together the various components of ARIA. The relationship to dose level in the bapineuzumab studies suggests that ARIA may be related to increased clearance of parenchymal plaque with transient increase in vascular amyloid. This hypothesis is supported by the published autopsy results from the AN-1792 (active immunization) trial [52, 53] . It remains unclear whether rapid movement of amyloid from parenchymal plaques into perivascular space might result in a "drainage backup" leading to excess fluid shifts. It is also possible that movement of amyloid into cerebral vessel walls might result in increased vascular friability and increased permeability. This mechanism might also relate to increased incident mH, if the vessel wall integrity is sufficiently impaired to permit small amounts of red blood cell passage. Abbreviations: ARIA, amyloid-related imaging abnormalities; FLAIR, fluid attenuation inversion recovery; ARIA-E, amyloid-related imaging abnormalities-edema/effusions; ARIA-H, amyloid-related imaging abnormalities-hemosiderin deposits.
Indeed, the various FLAIR and T2*-GRE abnormalities observed in ARIA might be conceptualized as related to altered vascular permeability according to the location of the vessels and the nature of the material allowed to leak through the vessels ( Table 2) .
The increased risk of ARIA in APOE 34 carriers in the bapineuzumab trials and the reports of spontaneous ARIA in CAA are also suggestive of vascular amyloid burden as a common pathophysiologic mechanism underlying these phenomena [8, 9, 54] . APOE 34 carriers are known to have higher vascular amyloid burden than noncarriers [15, 55] . Positron emission tomography amyloid imaging studies in patients with CAA have suggested that mHs are more likely to occur in regions with high amyloid burden, as assessed by 11C-Pittsburgh compound B [56, 57] .
It is possible that direct removal of amyloid from the vessel wall would be associated with compromise in the vascular integrity. Alternatively, there may be amyloid-related endothelial cell dysfunction resulting in increased vascular permeability, which might explain the similarity to increased permeability, as described previously, and as seen in PRES. It is also possible that there is a focal inflammatory component that would result in both ARIA-E and ARIA-H, as suggested by the pathology reports from patients with CAA. The CSF results from a small number of participants identified with ARIA in the phase II bapineuzumab studies are not consistent with a widespread inflammatory process. Normal CSF has also been reported in inflammatory CAA, and it is possible that focal amyloid-related vascular inflammation may play a role in some cases of ARIA. Thus far, it does not seem that ARIA cases show evidence of meningoencephalitis, as was reported in the early trials of active immunization with AN-1792 [58] . It also remains unknown whether different forms of immunotherapy or specific antibodies are more or less likely to be associated with ARIA [59] .
Because there are very limited data regarding ARIA in nonimmunotherapeutic approaches for lowering Ab, it is difficult to speculate on more general additional mechanisms that might be associated with ARIA. Preliminary reports of ARIA occurrence in therapeutic strategies aimed at decreasing production of specific Ab peptides suggest that decreasing Ab or altering the ratio of various Ab species might change the dynamics of amyloid production and clearance, resulting in ARIA through similar mechanisms discussed previously [14, 60] . The preliminary reports of spontaneous ARIA in patients with AD detected at screening, or occurring rarely during treatment with placebo, suggest that ARIA may represent the by-product of the natural Ab clearance processes in the aging brain [14] . Similar to the CAA cases described in previously published reports, it is likely that specific genetic factors, such as the presence of APOE 34 alleles, influence the likelihood of spontaneous ARIA occurrence. Perhaps, the common link with treatment-associated ARIA across several therapeutic approaches and the rare spontaneous ARIA cases may be that we are tipping the balance of "Mother Nature's" clearance mechanisms, but additional data are clearly needed to elucidate the underlying pathophysiology.
To further elucidate the potential pathophysiological mechanisms underlying the appearance of ARIA in both amyloid-modifying trials and in the natural history of AD, the working group also researched the limited literature on the histopathology of various aspects of ARIA and potentially relevant conditions.
Histopathological correlates of ARIA
To date, no neuropathologic descriptions of ARIA-E have been reported, perhaps because of the transient nature of ARIA-E. Our working understanding of the pathology and pathophysiology underlying this condition is therefore based on extrapolation from conditions with similar clinical and neuroimaging features.
As described previously, ARIA shares some features with PRES disorders, which are also characterized by subacute clinical symptoms and reversible T2 hyperintensities [61, 62] . Neuropathologic descriptions of PRES [63, 64] are sparse and somewhat difficult to interpret because of the heterogeneity of the underlying processes that can trigger PRES, including hypertension, preeclampsia, and medications. From the limited available data, PRES-associated T2 hyperintensities seem to be generated by rarefaction and vacuolation of the white matter, without reported tissue infarction.
CAA-related inflammation, a second condition that shares some of the neuroimaging features of ARIA (Fig. 6 ), similarities to VE [6, 8] , as well as a shared association with APOE 34 [2, 9] ), demonstrates similar white matter pathology to that reported in PRES. CAAassociated inflammation seems to be driven by a spontaneous inflammatory response to the vascular amyloid deposits, with accumulations of leukocytes surrounding amyloidladen vessel segments and multinucleated giant cells containing amyloid-immunoreactive material. White matter rarefaction is again the likely neuropathologic correlate of the observed T2 hyperintensities [6] . After resolution of CAA-related inflammation, the underlying inflammatory pathology also seems to reverse [6, 65] .
The cases of ARIA in amyloid-modifying therapies do not seem to share the clinical or CSF findings of the meningoencephalitis reaction reported in clinical trial participants receiving active vaccination with the AN-1792 formulation of Ab 42 [58] ; however, there are limited histopathological reports that may be relevant to understanding the pathophysiology.
The postmortem examination of two meningoencephalitis cases demonstrated advanced CAA [52, 66] , suggesting that active amyloid immunotherapy might trigger a response similar to that observed in spontaneous CAA-related inflammation. Examination of the white matter in the meningoencephalitis cases again disclosed vacuolation and rarefaction without infarction [52] .
There is a much more extensive histopathology literature regarding ARIA-H. Cerebral mHs are focal deposits of hemosiderin in the brain, typically associated with localized cell loss and gliosis. The hemosiderin can be found in macrophages, astrocytes, and microglia. Although most lesions are imaged or observed pathologically in the remote state (i.e., having occurred in the past), acute lesions are occasionally found, with extravasation of red blood cells and associated reactive changes.
Cerebral mHs are typically seen in association with diseases of the small arteries and arterioles, in particular, hypertensive vasculopathy (often in the white matter) and CAA (restricted to the gray matter) [23, [67] [68] [69] . A recent study [57] found that among patients with probable CAA, cerebral mHs are associated with increased local amyloid deposits, as measured by Pittsburgh compound B, a finding that highlights the spatial association between small-vessel pathology and mH location.
Two features regarding the neuropathology of cerebral mH are worth highlighting. First, the lesions are small, generally 1 to 2 mm in diameter [69] ("blooming" to a larger size on T2*-weighted MRI sequences, as described in section 1). Although there is associated gliosis and some neuronal loss at mH loci (Fig. 7) , there is little or no evident abnormality in the surrounding brain tissue.
A second point is that, aside from brains with florid vascular disease, mHs are a rare neuropathologic finding. Systematic sampling of brain sections from both nondemented and demented individuals [70, 71] identifies many clinically silent ischemic microinfarctions, but only rare mH. The apparent discrepancy between the high prevalence of mH reported in MRI-based studies versus their low prevalence in neuropathologic series likely reflects the ability of MRI (but not neuropathologic examination) to sample the entire brain with high sensitivity. Based on the well-characterized mathematical relationship between the abundance and size of mH versus the neuropathological "slicing" required to accurately sample them [72] , the standard sectioning and sampling of the brain at autopsy is predicted to be insensitive to the presence of a small number of lesions of size similar to mH. Thus, the one, two, or three mHs detected by MRI in a given individual may indeed represent close to that individual's total lesion burden.
As evident from the aforementioned discussion, CAA may be a neuropathologic common denominator for both the treatment-related ARIA and the rare spontaneous cases reported in screening cohorts [4] . CAA-present at the time of web 4C=FPO web 4C=FPO Fig. 7 . Cerebral microhemorrhages seen in association with advanced cerebral amyloid angiopathy. study entry or perhaps exacerbated by amyloid immunotherapy [53, 73] -might thus be the underlying factor predisposing individuals to adverse treatment responses. It might be wrong to conclude, however, that antiamyloid immunotherapy is necessarily deleterious for CAA. In a postmortem study of nine patients immunized with AN-1792, two of the longest treated participants demonstrated essentially no CAA [53] . This and data from antiamyloid antibody-treated transgenic mice [74, 75] suggest that amyloid can be successfully cleared from vessels without triggering substantial bleeding or vascular dysfunction. If achievable, clearance of CAA might reduce an individual's risk both for future adverse treatment responses as well as for other manifestations of CAA, such as intracerebral hemorrhage.
Insights from animal models
Given the paucity of human histopathological data in ARIA, the Workgroup also explored relevant reports from animal models of AD and CAA, particularly those exposed to amyloid-modifying therapies. It is now roughly 15 years since the first successful transgenic mouse models of AD were developed; over the ensuing interval, there have been additional models generated, yet there remain a relatively small number of models that are widely used by investigators [76] [77] [78] [79] [80] [81] [82] [83] . The development of these models drew on the identification of mutations in APP that are associated with familial forms of AD-those adjacent to the BACE cleavage site (amyloid precursor protein-Swedish mutation [APP-sw]), those which are just past the g-secretase site, those internal to the Ab peptide sequence, or elaborate combinations of these mutations. Transgenes were expressed under the control of active, heterologous promoters (prion promoter [PRNP] , platelet derived growth factor-beta [PDGF-b] chain, Thy1) at high levels to accelerate the accumulation of Ab in the brains of animals [76, 78, 82, 83] .
These models were then advanced by the inclusion of mutated forms of presenilin-1 (PS-1) to preferentially shift the Ab toward the 42-amino acid form; these combinations were generated either by crossing individual strains or by the co-injection of constructs during the derivation of the mouse lines [77, 79, 80] . The endpoint for determination of an "acceptable" or "useful" mouse model was the presence of Ab deposition in the brain, often accompanied by vascular wall deposits in the form of CAA. Many of these models were subsequently shown to have some of the other alterations associated with affected brain regions in AD, including gliosis and microglial activation.
Importantly, neither significant neuronal loss on par with the changes observed in AD nor the presence of tangles followed the overexpression of the APP and PS1 transgenes even in the face of significant Ab deposition. Attempts have been made by the use of additional transgene constructs to provide a model in which both plaques and tangles appear, but to develop tangles, it was necessary to use a mutant form of tau that is associated with frontotemporal lobar degeneration but not with AD [81] .
It remains important to recognize that these mouse models of Ab deposition capture only some aspects of the pathologic changes observed in brains of individuals with AD. In addition to being incomplete models, it is also likely that they do not replicate all of the anatomic findings observed in AD.
mHs in animal models of treatment of AD/CAA
In addition to being useful models of AD for experimental analysis of disease mechanism and pathogenesis, these transgenic mice provide a fruitful testing arena for potential therapeutic interventions to slow, reverse, or prevent the pathologic changes of AD. Again, it is necessary to emphasize that these models were engineered to develop elevated brain Ab levels that progress to plaque formation. Additionally, the models have gradually been enhanced to accelerate the process because a major determining factor of the cost of animal experiments is the age of the animals under study (i.e., a study that can be performed with 4-month-old mice will have roughly 25% the animal housing costs of a study that requires 16-month-old mice).
There is no widely agreed on individual animal model that consistently develops mH, and little evidence for consistent or prominent edema, either at baseline or after various therapeutic challenges. Rather, there has been a suggestion that, in mouse models, there are effects of mode of delivery of immunotherapeutics that may influence the development of mH, as well as an apparent dependence on the presence of CAA. There is not clear evidence from animal studies that there is an increased incidence of mH with nonimmunologic approaches to alterations of brain Ab levels.
Although not a feature of the earliest studies demonstrating the potential of anti-Ab antibody-based approaches to clearance of Ab from the brains of transgenic mice [84] , there have been subsequent studies (using a variety of mouse models, types of immunization, distinct antibodies/epitopes, duration and age of animals tests) in which mHs were detected [5, 73, 75, [85] [86] [87] [88] [89] [90] . As summarized in a series of recent reviews [91] [92] [93] , these studies were mostly focused on clearance of existing deposits (which included both parenchymal and vascular Ab). Because mHs are associated, by definition, with an alteration in vascular integrity, there has been specific interest on the changes in CAA burden that follow the treatment and accompany the development of mH. It is not possible to determine a priori whether an increase in CAA burden or a decrease in CAA burden would be more likely to be responsible for mH-or even if the pre-existing Ab burden on a vessel-by-vessel basis might play a role. Some of the studies that identified increased mH also found an increase in the vascular CAA burden, suggesting that increased vascular wall injury associated with "mobilization" of parenchymal Ab is at least partially responsible [85] [86] [87] . Another study, which compared intraventricular versus systemic antibody delivery, observed that the approach associated with decreased CAA burden as well as parenchymal Ab clearance (intraventricular) was also associated with decreased mH incidence [94] . Despite the evidence from the studies cited previously regarding the association of mH with immunologically based therapeutic approaches, it should be stated that these are by no means an absolute finding across models, types of immunization approaches, and epitopes (reviewed in [91] [92] [93] ).
When considering the translation of these findings on mH associated with therapeutic interventions that increase CAA Ab burden while decreasing parenchymal burden to human subjects, it is necessary to recognize the fact that there is far greater vessel-to-vessel Ab vascular burden heterogeneity in humans with AD than there is in mouse models. Given the current concept that Ab departs the central nervous system along perivascular spaces of arterioles [95] [96] [97] [98] [99] [100] , in a human with patchy CAA, there will be a significant number of perivascular pathways along which any deposited Ab would represent an initiation event for local CAA, whereas in a uniformly and heavily affected mouse model, a comparable level of deposition might well be shifting the vessel over the threshold from moderate to severe CAA, and thus increasing the risk of local hemorrhage. It is disappointing that there has not been a direct association between the level of local vascular Ab burden and the risk of mH in these mouse models of immunotherapies, because such studies might have provided relevant answers to the question of "how much CAA can you have before clearing Ab along perivascular spaces becomes a riskier proposition?"
In a recent article, imaging was used to track the appearance of mH in Tg2576 mice treated with a series of antibodies in a passive immunotherapy protocol for 12 or 18 weeks [101] . This study found that the antibodies used did increase the number of MR-detected mHs and that these correlated well with histologic observations at the endpoint of the experiment. Given the associated interest in ARIA-E, it is disappointing that there is no information regarding this other potential complicating feature of anti-Ab therapy in the article. Another recent article described the combination of passive immunization and adaptive transfer of activated Tcells [102] . The combination produced hemorrhage in animals with CAA, but neither of the two could produce the same effect by itself. This experiment highlights the possible complex interactions in immune responses that determine whether-and when-mH might occur in the setting of antiamyloid therapies.
In humans, the presence of lobar-predominant mH is a strong predictor of the presence of CAA. In the mouse models, the presence and timing of CAA is a wellcharacterized component of each specific model, although it varies across models [103] [104] [105] . Moreover, even in the animal models, CAA is not always tightly aligned with mH after therapeutics (which to date is focused almost exclusively on immunotherapy). The variability of detection of mHs in animal models may be, in part, because the condition does not occur uniformly in all animals, even within a specific age range of a specific transgenic background, and the likelihood of detecting mHs can vary substantially from experiment to experiment. Additionally, it may be influenced by the severity of CAA, which is more variable than plaque burden in some animal models.
Difficulty in modeling ARIA-E in transgenic animals
Other aspects of ARIA, in particular, the phenomenon known as "VE," have not been reported in animal models; however, it is unclear whether systematic MR surveillance with sequences sensitive to ARIA-E has been performed longitudinally in a large number of animal models treated with amyloid-modifying therapies.
As mentioned previously, cerebral edema is the increase in water content of the extravascular but intraparenchymal compartment of the brain. It includes water that is present in the extracellular space as well as within cellular components of the brain. In general, cerebral edema is divided into two types: cytotoxic (associated with altered handling of water and ion transport across cellular membranes of neurons and glia) and vasogenic (associated with alterations in the blood-brain barrier either through direct actions on cerebrovascular endothelial cells or as mediated through the neurovascular unit).
In many disease processes, the etiology of cerebral edema is a combination of cytotoxic edema and VE. Mouse models of some human diseases, particularly the well-studied models of hypoxic/ischemic injury and brain tumors, include edema as a component of the pathologic process. This appropriately mimics the situation in human disease processes by involving both vasogenic and cytotoxic edema. VE, because it is dependent on the integrity of the bloodbrain barrier, may be measured through the capacity of the cerebral vasculature to prevent the leakage into the brain of an agent typically retained within the intravascular compartment. Overall measurement of marked edema in model systems can also be performed through MRI methods, akin to clinically relevant studies in humans. Histologic methods are not well suited to the detection and quantification of edema, particularly when focal and toward the less severe end of the disease spectrum.
In the available imaging data from therapeutic trials for AD, there was evidence of transient imaging abnormalities in the white matter of some trial participants with the characteristics of ARIA-E in the absence of cytotoxic features. Despite this observation, there has been no evidence from studies of therapeutic candidates in mouse models of Ab deposition in the form of plaques and CAA for the development of edema (either cytotoxic or vasogenic). In general, these studies have been endpoint studies that would not be well suited to detect transient changes that might occur in the early stages of treatment. Additionally, these studies have used a variety of endpoint measures, such as behavioral assays, histopathologic measurements (including plaque burden, inflammatory reactions, and mH), and biochemical determination of Ab in brain and CSF.
At present, no well-established protocols or specific models are available to consistently model Ab therapyinduced ARIA-E. ARIA-H is observed to various extents in different models and with different therapeutic interventions. The emphasis of investigators to date has been on the validation of specific therapeutic approaches (e.g., alteration of Ab generation, immunologic and nonimmunologic clearance of Ab). There remains an opportunity for development and characterization of model systems in which therapeutic interventions aimed at modifying Ab levels in the brain can be consistently associated with relevant potential side effects, particularly those with activation of the immune system.
Challenges to development of an animal model for ARIA
Could one develop a standardized animal model of ARIA, ideally a model that would exhibit all components of ARIA observed in patients with AD? There are certain barriers to be considered: for ARIA-E, there is uncertainty about whether it exists in animal models at all. For example, there are no publications describing this, and unpublished studies of which the Workgroup is aware have been regularly negative. The absence of ARIA-E in mice might reflect a difference in animal model and human pathobiology, or technical difficulties in imaging timing and sequence optimization, but to date this component of ARIA has not been described in animal models.
Although we endorse the idea of careful screening for mH complications with any antiamyloid therapy, certain barriers exist in this context as well. There is uncertainty about the predictive value of mH in a mouse regarding likelihood of developing ARIA-E in patients (or even ARIA-H in patients). Barriers to establishing a common and uniform animal model of mH are also substantial-access to specific models is not universal, the specific model appropriate for each therapeutic approach may differ (e.g., the presence or absence of a PS-1 mutation that accelerates pathology can affect age of animals; the specific APP mutation can affect the amount of CAA), and phenotypic drift may occur within models. These factors will also potentially significantly confound the interpretation of studies undertaken by sponsors with different experimental models because they follow the FDA's advice to conduct nonclinical studies investigating the potential for induction of ARIA.
Monitoring for ARIA in clinical trials
The Workgroup concluded that there is very limited information thus far regarding ARIA in the natural setting or publicly available information from ongoing clinical trial programs to make conclusive recommendations for clinical trial policies. In particular, there are limited data regarding the relationship between ARIA-H and ARIA-E. Additional information regarding whether the presence of baseline ARIA-H acts as a potential risk factor for ARIA-E, and whether in turn ARIA-E acts as a risk factor for incident ARIA-H, is needed to provide guidance for the conduct of these studies. Most importantly, we need information about whether specific components of ARIA have an effect on clinical course and response to treatment.
The limited data available thus far suggest that there may be common risk factors for the components of ARIA, in particular, APOE genotype. This genetic risk factor, as well as limited reports from patients with CAA, suggests that vascular amyloid may be a pathophysiological mechanism for ARIA, but additional investigation is needed. Because the APOE 34 allele is present in a large proportion of patients with AD, and some degree of vascular amyloid is present in nearly all patients with AD, it is critically important to gather additional information on the relationship of genotype to the incidence of ARIA in the setting of amyloidlowering therapy.
From the limited data available thus far, it seems that amyloid-modifying treatment can be continued with careful monitoring and possible dose adjustment after the occurrence of ARIA. At this point, it seems premature to preclude continued therapy in the setting of incident ARIA, because trial participants with ARIA are currently being redosed in ongoing trials, without clear evidence of any untoward effects. If ARIA is related to successful amyloid clearance, it might introduce significant bias in ongoing trials to terminate all of these trial participants. It will be important to gather systematic data regarding the clinical course associated with ARIA in the setting of amyloid-modifying therapy. In addition, it is important to better understand the frequency of spontaneous ARIA, the risk factors associated with this phenomenon, and its clinical course. Given the evidence that incident mHs are relatively frequent in the course of AD, and the likelihood that spontaneous mHs share some common aspects of pathophysiology with CAA, it is likely that additional spontaneous cases of ARIA will be identified in ongoing research studies.
It will be critically important to continue to monitor for ARIA in ongoing studies, and especially to relate the imaging features of ARIA to the clinical course of these patients. To that end, the Workgroup developed a set of recommendations for the FDA and the industry to consider in the conduct of clinical trials.
Recommendations
The Workgroup recognizes important issues both in the technical aspects of MR image acquisition to detect ARIA as well as the interpretation of MRI findings suggestive of ARIA. In turn, the recommendations that are included in this report provide guidance on how technical consistency and a uniform neuroradiological approach to ARIA might be accomplished. In addition, the Workgroup provides some recommendations regarding exclusion from participation in clinical trials based on baseline or incident ARIA and for ongoing monitoring during clinical trials of amyloidmodifying therapies. should not be an exclusionary criterion. Inclusion/exclusion should only be based on readings labeled definite mH. Guidance should also recognize that distinction between "possible" and "definite" may require serial MRI scans, that is, that changes in diagnostic confidence will inevitably occur over the course of a series of scans, as is true in all diagnostic imaging. Change in categorization of an mH from "possible" to "definite" in the course of a series of scans that "move" a trial participant over an exclusionary threshold should not constitute a "retrospective" protocol violation. b. ARIA-E should be interpreted both for severity as well as relevance to clinical symptoms. ARIA-E can manifest as rather subtle alterations in MR signal, and can be missed. It is not clear, however, that missing subtle asymptomatic ARIA will have any clinical consequence. Additionally, fulminant ARIA-E can be misidentified as other processes (subarachnoid hemorrhage, venous infarction). Thus, it is important to consider how scans will be read and tracked in these drug development programs.
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Procedures for reading and reporting
There are pros and cons to "central reading" versus "local" reads. Central reading has the advantage of a small number of individuals with detailed knowledge of ARIA to monitor all scans, increasing both accuracy and inter-rater reliability. Most hospitals require a local read to be performed in any case for safety, and generally this can be accomplished quickly with rapid notification to the investigator. a. If monitoring for ARIA is to be done with local reads, it will be important to educate both the local radiologists and the investigators about the MR appearance of ARIA, particularly the various MR manifestations associated with ARIA with multiple case examples. It may be useful to also provide a "central" resource for local radiologists to send possible ARIA cases for immediate consultation. b. A detailed reporting form (with checkboxes) covering the spectrum of findings should be provided to the local radiologist that specifically asks about presence or absence of signal abnormalities consistent with ARIA-E (presence of increased signal on FLAIR sequences consistent with parenchymal edema or effusions in the leptomeninges or sulcal space) and/or ARIA-H (presence of mH or hemosiderosis). c. It may also be useful to develop a more quantitative scoring or rating scale for ARIA, especially for use by central monitoring, to provide additional information about the potential relationship between ARIA-H and ARIA-E, as well as to clinical symptoms/ outcome. This scoring system might include detailed information about anatomic location of ARIA-E and/ or ARIA-H and a severity index.
Thresholds for exclusion based on ARIA in clinical trials with amyloid-lowering therapies
In response to the original FDA guidance on exclusion of individuals with evidence of ARIA-H at baseline or incidence of ARIA in trials, the Workgroup discussed potential thresholds for number of mHs extensively. The Workgroup believed it was obviously important to protect clinical trial participants from potential adverse outcomes related to ARIA, but they thought that it was also important not to be unnecessarily stringent in excluding participants with ARIA, based on the current literature and publicly available information. It was thought to be important to elucidate the effects of treatment in the general AD clinic population, where patients with evidence of ARIA-H at baseline would be likely to receive treatment with considerably less monitoring than is possible in a clinical trial. Given the frequency of mHs and the incomplete knowledge of their clinical significance, an ascertainment of the risk of meaningful clinical complications during amyloid treatment is a recognized need. Stringent criteria would also limit the acquisition of knowledge needed to optimally manage patients with AD and underlying CAA and/or hypertensive small-vessel cerebrovascular disease. An additional consideration is that discontinuation of asymptomatic patients from ongoing treatment with incident ARIA would also preclude the evaluation of potential clinical benefits associated with vascular Ab clearance in the AD population. Thus, given the importance of allowing the field to advance the development of amyloid-modifying treatments for AD, the Workgroup developed recommendations for exclusion criteria based on the recognition that there are limited data available to justify strict exclusions on the basis of baseline ARIA-H, and that current MR methods and clinical reading procedures are imperfect in their detection and tracking of small numbers of mHs. It is likely that recommendations will continue to evolve as additional data from large clinical trial databases become available.
Exclusions for presence of baseline ARIA-H (mH or hemosiderosis)
There are only very limited data about the risks of amyloid-modifying treatment with amyloid-lowering therapy in patients with evidence of ARIA-H at baseline. It is recognized that substantial numbers of lobar mHs likely reflect the presence and severity of CAA, raising diagnostic and therapeutic considerations. Current prevalence estimates in mild to moderate AD are that 80% of patients with mH will have two or fewer mHs. Given the uncertainty of risk and concerns about CAA severity, the Workgroup supports the recommendation that the cutoff value of four mHs be used for exclusion in trials of amyloid-modifying therapies for AD. This threshold would allow the potential for imaging measurement variability to be taken into account and reflect the uncertainty regarding the clinical relevance of small numbers of mHs.
19.1.4.2. Exclusionary criteria for incident ARIA-H (based, in part, on using the recommended technical MR characteristics noted previously) Development of asymptomatic ARIA-H may result from Ab clearance associated with amyloid-lowering therapy. Additionally, because ARIA-H may also occur within the natural history of AD, we recommend that the appearance of incident mH or hemosiderosis not automatically disqualify a patient from further treatment. Rather, we suggest that discontinuation of trial participants with incident ARIA-H be reserved for those in whom these MRI findings are associated with significant clinical symptoms or evidence of precipitous clinical decline. Until there are more available data, clinical consideration may also be given to discontinuing specific patients who are still asymptomatic but with a large number of incident mHs. The Workgroup suggests that as more data become available, this recommendation would merit continued review.
Recommendations for further research into the mechanisms underlying ARIA
In parallel with close monitoring of patients in ongoing clinical trials of amyloid-modifying treatments, further research is clearly needed to elucidate the mechanisms underlying the phenomena observed in ARIA. In particular, it would be valuable to use animal models to determine whether amyloid-lowering therapies indeed are associated with increased vascular permeability, perhaps through fluorescent labeling of plasma proteins of different sizes. Additional understanding of the genetic and age factors that favor vascular clearance of amyloid might also be achieved through transgenic breeding, perhaps crossing transgenics containing human isoforms of APOE with APP/PS-1 mutants.
In human studies, the combination of positron emission tomography amyloid imaging with frequent MRI monitoring in APOE 34 carriers receiving amyloid-lowering therapies may serve to clarify whether ARIA will occur preferentially in regions with high amyloid burden, and to demonstrate evidence of amyloid clearance proximate to ARIA. Most importantly, longitudinal natural history studies are needed to better understand the spontaneous occurrence of ARIA and the associated clinical course, as well as detailed analyses of the cognitive, behavioral, and functional outcomes of individuals who develop ARIA in the setting of amyloid treatment trials.
